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ABSTRACT
Hydration o f  the cement paste resu ltin g  in  the form ation o f  
shrinkage cracks in soil-cem en t s ta b iliz e d  bases is  one o f  the major 
problems when cement i s  used with certa in  s o i l s .  A new approach to  con­
t r o l  these shrinkage cracks is  the use o f expansive cement instead o f  
regu lar portland cement. In th is  study the w riter  attempts to  gain an 
in s ig h t in to  the e f f e c t  o f  expansive cement on strength and d u ra b ility  
o f  the so il-cem en t and examine whether i t  is  advantageous to  su b stitu te  
expansive cement fo r  regu lar portland cement.
A s i l t y  s o i l  ty p ic a l o f m aterials found in the Red River V a lley , 
North Dakota, was su b jected  to  numerous s ta b il iz a t io n  te s ts .  The s ta ­
b i l i z in g  agents were regular portland cement and expansive cement. 
A ddition  o f  10, 12 and 14 percent cement to  th is  s o i l  was in accordance 
w ith a Portland Cement A ssocia tion  recommendation. Cylinders and beams 
were molded at various moisture contents and tested  fo r  d u ra b ility , 
shrinkage, res ista n ce  to  rapid freeze  and thaw, and compression and 
fle x u re . R esults in d ica ted  that compressive and flex u ra l strengths o f  
so il-cem en t were lower when expansive cement was used, rather than regu­
la r  portland cement. On the other hand, expansive cement was very 
e f f e c t iv e  in  reducing the shrinkage cracks in the s ta b iliz e d  s o i l .
i x
INTRODUCTION
Growing shortages o f  q u a lity  road -bu ild in g  aggregates in many 
areas o f  the United S ta tes , coupled with the ever growing need fo r  
roads, has resu lted  in  greater use o f  in fe r io r  aggregates and s o i l s .  
This is  p a r t ic u la r ly  true in the S tate o f  North Dakota. Around the Red 
R iver V a lley , where In tersta te  Highway No. 29 is  under con stru ction , 
the ground p r o f i l e  co n s is ts  o f  about 120 f t .  o f  clay  m aterials underlay 
ing  2 to  3 f t .  o f  top  s o i l .  Inasmuch as present standards governing 
the q u a lity  o f  roads w i l l  not be downgraded, ways must be found to  
upgrade these in fe r io r  m ateria ls .
S ta b il iz a t io n  i s  the strength  hardening o f  road b u ild in g  mate­
r ia ls  by chem ical or mechanical means to  enable them to  carry  loads o f  
s p e c i f ie d  in te n s it ie s  w ithout s tru c tu ra l fa ilu re  and to  r e s is t  the 
d estru ctiv e  fo rces  o f  the elem ents. R ecently, s ta b i l iz a t io n  has become 
a ssocia ted  w ith q u an tita tive  values o f  strength and d u ra b ility  which 
are re la ted  to  perform ance. The q u an tita tive  values are expressed in  
terms o f  com pressive stren gth , shearing stren gth , load d e f le c t io n , 
absorp tion , s o fte n in g , reduction  in stren gth , res ista n ce  to  thawing and 
fre e z in g  and w etting  and drying to  in d ica te  the d u ra b ility  o f  the 
s t a b i l iz e d  m a teria ls .
A v a r ie ty  o f  m aterials has been used to  s t a b i l iz e  natural s o i l s  
Depending on the mechanism o f  s ta b i l iz a t io n , these s t a b i l iz e r s  may be 
subdivided in to  three general groups: ( 1)
1
2
1. m ateria ls which cement the s o i l  p a r t ic le s ,
2 . m ateria ls  which modify and con d ition  the s o i l ,
3. m ateria ls  o f  w aterproofing  nature.
The f i r s t  o f  these groups, capable o f rea ction s  w ithin them­
se lv es  or w ith  certa in  s o i l  con stitu en ts  in presence o f  w ater, produce 
strong in te r p a r t ic le  bond which can support high in ten sity  loads. Typi­
c a l  examples o f  th is  group are port land cement, lim es, and a c id ic  phos­
phorous compounds.
A second group o f  s ta b i l iz e r s  could be termed the s o i l  modi­
f i e r s  or co n d it io n e rs . Cement and lime at low con cen tra tion s , calcium 
o r  sodium ch lo r id e s , and a number o f  surface a ctiv e  m aterials are ty p i­
c a l  o f  th is  group.
The th ird  group embraces the w aterproofing agents. A sphalts, 
ce r ta in  resin ou s m a teria ls , and coa l tars are represen tative  o f  th is  
group.
The h is to ry  o f  so il-cem en t s ta b i l iz a t io n  does not exceed 40 
y ea rs , and through these years the most seriou s  problem faced  by the 
engineers has been the development o f  transverse and lon g itu d in a l 
cracks in  the base. This phenomena is  the resu lt  o f  shrinkage o f s o i l -  
cement m ixtures a fte r  hydration .
A p rev iou s in v estig a tion  o f  the use o f  expansive cement in s ta ­
b i l iz a t io n  o f  a micaceous s i l t y  sand ind icated  a p o te n tia l e lim in ation  
o f  so il-cem en t shrinkage cracking even at m oisture contents w ell above 
and below optimum (2 ) .  Though the in v estig a tion  was o f  lim ited  scope, 
i t  suggested that use o f  expansive cement instead o f regular portland
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cement fo r  treatment o f  some s o i l s  may resu lt in  s ig n if ic a n t  reduction  
o f shrinkage cracking w ithout su b stan tia l reduction  o f strength .
The use o f  expansive cements to  con tro l cracking from drying 
and shrinkage was f i r s t  in vestiga ted  in Germany as early  as 1921.
During the past three decades, expansive cements have been developed 
prim arily  by in v e s tig a tio n  in France, the USSR and the United S tates.
During the f i r s t  meeting o f the American Concrete In s t itu te  Com­
m ittee 223 on expansive cements, i t  was concluded that there are three 
b a s ic  types o f  expansive cements:
1. M ikhailov Expansive Cement -  a calcium  aluminate cement, high 
gypsum and a portland  cement,
2. High C3A-SO3 Cement -  in vestiga ted  at the Portland Cement Asso­
c ia t io n 's  la b ora tory ,
3. K lein  Cement (trad e  name Chem Comp) -  developed by Alexander 
K lein  from the U niversity  o f  C a lifo rn ia , b a s ic a l ly  a hydrous 
calcium  sulfoalum inate p lus SO3 and a ssocia ted  lim e.
Expansive cement increases i t s  volume during the f i r s t  stage o f
curing and then shrinks as the paste continues to  harden. The amount 
and degree o f  expansion during curing can e ith e r  be increased  or 
decreased by varying the chemical com position o f  the expansive cement. 
T herefore , in  order to  elim in ate shrinkage, i t  is  necessary to  have an 
expansion equaling the amount o f con traction  so subsequent con traction  
a fte r  drying is  compensated by the o r ig in a l expansion. This type o f 
cement is  o ften  re ferred  to  as "Shrinkage Compensated."
SCOPE AND PURPOSE
The d ep letion  o f good aggregates fo r  road con stru ction  has 
forced  engineers to  seek more and b e tte r  ways o f u t i l iz in g  m aterials in 
p lace  fo r  the con stru ction  o f  roadway support systems. The primary pur­
pose o f  th is  th es is  is  the in v estig a tion  o f the e f f e c t  o f portland and 
expansive cements on s ta b il iz a t io n  o f  s o i l .
The lim ited  o b je c t iv e s  o f  th is  study made i t  necessary to  
r e s t r ic t  the laboratory  in v e s tig a tio n  to  one type o f  s o i l .  The s o i l  
used was an A-6  by the AASHO c la s s i f i c a t io n  system. In lin e  with Port­
land Cement A ssocia tion  recommendations, 10, 12, and 14 percent cement 
a d d itiv e  was used fo r  s ta b i l iz a t io n .
B r ie f ly ,  the study involved determ ination o f  freeze-thaw  weight 
lo s s  fo r  18 cy lin d ers  made with so il-ex p a n s iv e  cement, re ferred  to  as 
m ixture E, and 18 cy lin ders made with s o il-p o r t la n d  cement, re ferred  to 
as mixture P. In ad d ition , a to ta l o f  108 beams made o f mixtures E and 
P were molded and tested  fo r  d u ra b ility , shrinkage, compressive 
stren gth , and fle x u r a l strength .
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MATERIAL USED IN TIIE INVESTIGATION
S o il
The s o i l  used in  th is  in v estig a tion  was obtained from a p it  
loca ted  one m ile west and on e-h a lf mile south o f the in te rse ctio n  o f 
17th Avenue South and Columbia Road in Grand Forks, North Dakota. This 
s o i l  was c la s s i f ie d  type A-6 by the AASHO c la s s i f ic a t io n  system, and CL 
by the U nified c la s s i f i c a t io n  system. S p e c if ic  gravity  o f  the s o i l  was 
found to  be 2 .73  according to AASHO Designation T-L00-60. Liquid lim it 
o f  the s o i l ,  determined by AASHO Designation T-89-60 was 35 .5 . The 
p la s t ic  lim it  determined according to AASHO Designation T-90-56 was 
22 .8 . A s iev e  analysis on th is  s o i l  according to AASHO Designation 
T-88-57 is  given in  Table 1.
Cemen t
Type 1 portland cement, as s p e c if ie d  in  ASTM Designation 
C150-6I was used. Expansive cement was obtained from the Medusa Cement 
Company. The analysis o f  th is  cement is  given in  Table 2.
Water





Cement contents were determined as suggested by the Portland 
Cement A ssocia tion  (3 ) fo r  subsurface s o i l s  o f  the various AASHO s o i l  
groups. The prelim inary estim ated cement content by weight was deter­
mined from Table 3, which i s  based on the AASHO s o i l  group. This e s t i ­
mated cement content was v e r i f ie d  by re fe rr in g  to  Table 4, which takes 
in to  con sideration  the maximum density  and other prop erties  o f  the s o i l  
thus perm itting a more accurate estim ate o f  the amount o f cement 
required . Specimens were in v estig a ted  with cement contents above and 
below the estim ated minimum requirem ents.
There are c o n f l ic t in g  ideas as to  what p a rticu la r  te s t  should 
be adopted as a c r i t e r ia  fo r  cement requirement in design o f s o i l -  
cement s ta b il iz e d  bases. Studies by Packard & Chapman (4) have in d i­
cated the volume change techniques s p e c i f ie d  in the standard AASHO 
freeze-thaw  te s t  are not a s e n s it iv e  measure o f  d e te r io ra tio n  o f  a l l  
cem ent-treated s o i l s .  Instead , a p rec ise  length change measurement i s  
considered to  be a very s e n s it iv e  and d ir e c t  measure o f  d e te r io ra tio n . 
On the other hand', a m ajority  o f researchers in th is  f ie ld  b e lie v e  that 
cement requirement fo r  a so il-cem en t mixture is  con tro lled  by fr e e z e -  
thaw and w et-dry te s ts .
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Preparation o f  Specimens -  Cylinders
The a ir  dried  s o i l  was ground ( i f  n ecessary ), and passed 
through the Mo. 10 mesh s ie v e . Optimum moisture and maximum dry den­
s ity  were determined according to  AASHO Designation T-134.
Cylinders were compacted at optimum moisture content as w ell as 
3% p o in ts  above and below with cement admixtures o f  10, 12, and 14 per­
cent. F ifty  percent o f  the cy lin d ers  were tested  according to  Methods 
o f  Freezing and Thawing Test o f  Compacted Soil-Cement M ixtures, AASHO 
D esignation: T -136-57. The remaining 36 cy lin d ers were su b jected  to 
the same freezin g  and thawing cy c le s  as the oth ers, but without the 
brushing.
Each cy lin d er  was id e n t if ie d  by a 2 - le t t e r ,  2 -d ig it  system; fo r  
example, PB-12 means portland cement was used as the a d d itiv e , specimen 
was molded at 3% poin ts below optimum moisture content, and the amount 
o f  ad d itiv e  was 12 percent (see Tables 5 and 6) .
Preparation o f Specimens -  Beams
The 3" x 3" x 11V' beam mold was made in the Mechanical Engi­
neering Machine Shop o f the U niversity  o f  North Dakota according to  
ASTM s p e c if ic a t io n s  (5 ) .  The mold was so designed that the specimen 
would be molded with i t s  lon g itu d in a l axis in a h orizon ta l p o s it io n , 
(see Photograph 1 ).
Each beam batch was p laced  in the mold and lev e led  by hand. A 
moisture sample was taken at the time o f  compaction. The soil-cem ent 
was in i t i a l l y  compacted in layers by means o f  a f la t  spoon (see Photo­
graph 2 ) .  With top p la te  in  p o s it io n , f in a l  compaction was obtained by
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using a h y d ra u lica lly  operated te s t in g  machine, as shown in Photograph 
3. Immediately a f t e r  com paction, the mold was c a re fu lly  disassembled 
as in d ica ted  in Photograph 4 and the specimen was weighed and tagged.
A group o f  these beams were p laced  in the curing room at 98±2 percent 
r e la t iv e  humidity and 78±4°F temperature w hile others were a ir  dried  at 
a temperature o f  72±2°F.
The ends and sid es  o f  some o f  the beams were restra in ed  by 
p la cin g  them in 3" x 3" x 12"  concrete beam forms with 3" x 3" x V ' 
s te e l  p la tes  p laced  at the ends (see Photographs 5 through 7 ).
The beams were id e n t i f ie d  by a 3 - le t t e r ,  2 -d ig i t  system; fo r  
example, PAH-10 meant portland  cement was used as an add itive  and the 
mixture was molded at 3% p o in ts  above the optimum moisture content. 
Letter H in d ica ted  that the beam specimen was cured in  the moist 
curing room fo r  seven days. S im ila rly , i f  le t t e r  D was su bstitu ted  fo r  
H, i t  would in d ica te  that the specimen was a ir  dried  (see Photograph 8) .  
Specimens restra in ed  at ends and sides were id e n t i f ie d  by the le t t e r  R 
appearing a fte r  a 2-d ig i t  number.
Flexure Test
A fter a seven day curing p eriod , 36 beams were tested  in f le x ­
ure according to  ASTM D esignation : D1635-63. The fle x u ra l te s t  o f the 
moist cured specimen was made by th ird  po in t loading immediately a fte r
removal from the moist room.
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Compression Test
Compressive strengths using a p ortion  o f the beams broken in 
flexu re  were obtained accord ing to ASTM Designation: 1634-63 (M odified 
Cube Method).
D urability  Test
The d u ra b ility  test determines the resistan ce o f  soil-cem ent 
specimens to  rap id ly -repeated  cycles  o f  freez in g  in a ir  and thawing in 
water.
Upon com pletion o f  the 7-day curing p eriod , the d u ra b ility  te s t  
specimens were p laced  in a fre e ze r  and stored  at 0°F u n til a l l  sp e c i­
mens had completed th e ir  curing period .
The specimens were then thawed u n t il  th e ir  temperature was 
approximately 40°F. Before being placed in  the chamber o f  the fr e e z e - 
thaw apparatus, the specim ens' length, weight and c r o s s -s e c t io n a l meas­
urements were determined.
The freeze-thaw  apparatus included a chamber in which the sp e c i­
mens were su b jected  to  automatic freeze  and thaw c y c le s . These cy c les  
con sisted  o f a lte rn a te ly  low ering the temperature o f the specimens from 
40°F to  0°F in a period  o f not more than three hours and ra is in g  it  
from 0°F to  40°F in  a period  o f  not more than one hour, according to 
ASTM D esignation : C291-67.
At 10 -cycle  in te rv a ls  the specimens were removed from the
freeze-thaw  apparatus in a thawed con d ition  and tested  fo r  fundamental 
lon gitu d in a l frequency.
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The fundamental lon g itu d in a l frequency o f  the soil-cem ent 
specimens was measured by the Standard Method o f Test fo r  Fundamental 
Longitudinal Frequency o f  Concrete Specimens, ASTM D esignation:
C215-60. An e le c t r o  sonometer u n it, model 4100, manufactured by E lec­
tro  Product L aboratories Incorporated , and an o s c il lo s c o p e  were used 
fo r  the frequency measurements.
An e le c t r o  sonometer component con s is ts  prim arily  o f two sec­
t io n s ; the se ction  that generates mechanical v ib ra tion s  and the section
that senses these mechanical v ib ra tio n s .
RESULTS
Cylinders
Tables 5 and 6 give the m oisture con ten ts, dry d e n s it ie s , and 
weight lo s se s  fo r  cy lin d ers  made with mixtures P and E, r e sp e c t iv e ly . 
P lo ts  o f  dry d en sity  versus m oisture content are given in  Figures 1 and
2. Figures 3 and 4 give p lo t s  o f  cement contents versus weight lo sses  
fo r  the m ixtures l is t e d  in  Tables 5 and 6 .
According to  ASTM c r i t e r ia ,  a l l  acceptab le  freeze-thaw  te s t  
specimens should be molded at a m oisture content w ith in  1.0 percent o f 
optimum and 3 .0 pounds per cu b ic  foo t  o f  maximum dry d en sity . This 
c r i t e r ia  was met w ith  a l l  beams and cy lin d er  specim ens. The con d ition  
o f  random cy lin d e rs  o f  so il-cem en t made w ith  mixtures E and P i s  shown 
in  Photographs 9 and 10. These p ic tu re s  were taken at the end o f  eight 
and tw elve cy c le s  fo r  m ixtures E and P, r e s p e c t iv e ly .
Throughout th is  experiment i t  was re a lize d  that s i l t y  s o i l ,  
such as the one used, is  a " s c a le r "  in  the freeze-thaw  te s t .  Specimens 
at the lower cement content developed a surface s h e l l  which sca led  o f f  
or was e a s ily  removed with an ic e  p ick . At h igher cement con ten t, no 
s h e ll cou ld  be observed or removed by v igorou s p ick in g .
The P ortland Cement A ssocia tion  recommends that s o i l  cement 
brushing lo sse s  fo r  A-6  AASHO c la s s i f ie d  s o i ls  be no greater than 7.0 
percent by dry s o i l  weight fo llow in g  twelve cy c les  o f  freeze  and thaw 
(3 ) .  Using th is  c r i t e r ia ,  i t  can be seen from Tables 5 and 6 and
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Figures 3 and 4 that 10 percent o f  e ith e r  expansive or portland cement 
is  not adequate to  produce a durable soil-cem ent m ixture. Furthermore, 
the above figures and tables in d ica te  that no specimen molded w ith  12 
percent expansive cement net the recommended percent lo s s  o f  weight 
while on ly the cy lin d er  molded above optimum with portland  cement met 
the c r i t e r ia .  For 14 percent ad d ition  o f  portland cement the cy lin d e r  
compacted at optimum did  not meet the weight loss  c r i t e r ia  o f the Port­
land Cement A ssoc ia tion . With the ad d ition  o f 14 percent expansive 
cement the cy lin d er compacted below optimum was the only one meeting 
the weight loss c r i t e r ia .
A comparison between portlan d  and expansive cement specimens 
in d ica tes  that d u ra b ility  and res ista n ce  to  freez in g  and thawing o f  
so il-cem en t m ixtures are impaired when expansive cement i s  used rather 
than regu lar portland cement.
Beams
Figures 5 and 6 show the re la tion sh ip  o f com pressive stren gth  
and cement content fo r  cubes made o f  m ixtures E and P. A corresponding 
re la tion sh ip  for  f le x u r a l stren gth  i s  presented in Figures 7 and 8 .
For a ir -d r ie d  cubes conta in ing  portland cement the com pressive 
strength  i s  greater in a l l  cases than the corresponding ones conta in ing  
expansive cement. The strength  decreased with in creasin g  m oisture from 
3% p o in ts  below to  3% p o in ts  above optimum.
The specimens conta in ing  portland cement and sub jected  to  moist 
curing had greater com pressive strength  in most cases than those with 
expansive cement. The strength  increased  from 3% p o in ts  below to
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optimum moisture and decreased fo r  specimens at 3% poin ts above 
optimum.
Figures 7 and 8 fo r  a ir -d r ie d  beam specimens ind icate  higher 
strength  in most cases fo r  beams contain ing portland cement. There 
was a reduction  in  strength  from below optimum to above optimum. A sim­
i la r  strength re la tion sh ip  e x is te d  fo r  beams that had been moist cured.
The optimum moisture fo r  maximum density has sometimes been 
found to  be d i f fe r e n t  from the optimum moisture fo r  maximum strength .
For in stan ce , F elt ( 6) reported that compressive strength  increases to 
maximum at s l ig h t ly  le s s  than optimum moisture fo r  maximum density  fo r  
a sandy s o i l  and a s i l t y  s o i l ,  and at greater than optimum fo r  a clay 
s o i l .
Beams con ta in in g  mixture P at 3 percent below optimum and sub­
je c te d  to  a ir  d ry in g , showed minor cracking for  10, 12, and 14 percent 
add ition s o f  cement. The beams containing mixture E produced minor 
cracking fo r  the 10 and 12 percent additions but none fo r  those con­
ta in in g  14 percent cement.
At optimum m oisture, w ider cracks were evident fo r  those beams 
contain ing mixture P. The beams made with mixture E had fin er  cracks 
fo r  10, 12, and 14 percent cement than those contain ing mixture P.
For beams contain ing mixture P and compacted at 3 percent 
above optimum, the add ition  o f  14 percent cement elim inated cracking. 
Beams conta in ing  m ixture E had no cracking fo r  e ith e r  10, 12, or 14 
percent a d d ition s.
Moist curing o f  specimens contain ing mixture P resu lted  in 
minor cracking o f  those beams with 10 percent cement and only very
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fin e  h a ir lin e  cracks fo r  those with 12 and 14 percent cement. Beams 
made with mixture E in d ica ted  e lim in ation  o f cracking with a 14 percent 
addition  o f  cement.
At optimum moisture there were no cracks detected  on any o f  the 
beams made of e ith e r  mixture E or P. A lso , at 3% poin ts above optimum, 
there was no evidence o f cracking on any o f the specimens.
The development o f  cracks was apparent only on the fo llow in g  
restra ined  beams: a ir -d r ie d  beams contain ing mixtures E or P with 10 
and 12 percent cement and compacted at 3% poin ts above optimum; a i r -  
dried beams o f  mixture E, 10 percent cement, and compacted at o p t i ­
mum; and moist cured beams o f  mixture P, 12 percent cement and compacted 
at optimum m oisture. The remaining beams showed no evidence o f  cracking.
Figure 9, showing p lo ts  o f  change in  length versus percent 
cement, in d ica tes that a ir -d r ie d  beams contain ing mixture P exh ib ited  
more shrinkage than those that were m oist cured. H oist curing o f  beams 
contain ing mixture E further reduced the shrinkage fo r  those with 10 
and 12 percent cement. There was a s l ig h t  expansion o f  the beams con­
ta in in g  14 percent cement.
I t  had been the in ten t o f  the w rite r  to e s ta b lish  a r e la t io n ­
ship between beam length change and number o f freeze-thaw  c y c le s , but 
unexpected d e ter io ra tion  o f the beams even before  10 cy c le s , prevented
th is .
CONCLUSIONS
On the b a s is  o f  the re s u lts  obtained, the fo llow in g  conclusions 
are made.
1. A ddition o f  10 and 12 percent cement fo r  s ta b i l iz a t io n  o f  A-6  
s o i l  is  not s u f f ic ie n t ,  whereas the add ition  o f  14 percent meets the 
ASTM requirement.
2. The add ition  o f  expansive cement rather than portland cement 
resu lts  in increase o f  freeze-thaw  weight lo s s .
3. Freeze-thaw weight lo s s  is  minimum at moisture content 3%
points below optimum fo r  s o i l  cement contain ing e ith e r  expansive or 
Portland cement. v
4. Compressive and fle x u r a l strengths o f  s o il-p o r t la n d  cement are 
higher than so il-ex p a n s iv e  cement.
5. Compressive and f le x u r a l strength o f  both s o il-p o r t la n d  cement 
and so il-ex p a n s iv e  cement in creases as percent cement content increases
6 . On the average, both portland and expansive cement mixtures 
molded at 3% points below optimum m oisture ex h ib it  greater compressive 
strength than mixtures molded at optimum and 3% poin ts above optimum 
m oisture.
7. Use o f expansive cement resu lts  in d e f in ite  reduction  o f  shrink 
age and change o f length .
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8. Expansive cement is  most e f f e c t iv e  in  reducing cracking when i t  
i s  used at or above optimum m oisture contents and moist cured fo r  at 
lea st seven days.
9. Restraint o f  the beams gen era lly  resu lts  in reduction , and in 
some cases e lim in ation , o f  shrinkage cracking.
Suggestions fo r  Future Work
The lim ited  o b je c t iv e s  o f  the study made i t  necessary to  
r e s t r ic t  the laboratory in v e s tig a tio n  to  one type o f  s o i l .  For the same 
reason, the number o f  specimens were lim ited  and extensive te stin g  was 
not performed. Although the re s u lts  showed an improvement in reduction 
o f  shrinkage cracking with use o f  expansive cement, the resu ltin g  
strength  and d u ra b ility  were not encouraging. It  is  the opinion o f  the 
w riter  that the beams made fo r  the in v e s tig a tio n  o f cracking should have 
larger su rface  area in order to  produce wider shrinkage cracks. These 
cracks could then be detected  more p r e c is e ly  or p oss ib ly  be measured.
The rapid freeze  and thaw te s t  performed on the beams was a 
fa i lu r e . It  is  b e lieved  that so il-cem en t specimens made with A-6  s o i l  
should not be exposed to  as severe a te s t in g  as the rapid freeze and 
thaw. This method o f  te s t in g  may be proven adequate fo r  soil-cem ent 
specimens made with b e tte r  grades o f  s o i l  which can withstand the severe 
te s t in g  con d ition  o f rapid freeze  and thaw, but not fo r  clay or s i l t y  
s o i l .
In the f in a l  a n a ly s is , the o b je c t iv e  o f  determining the lon g- 
range e f f e c t  o f expansive cement must await further observation  and 
in v e s tig a tio n  by researchers in order to  g ive a c le a re r  insight o f the 




Liquid Limit • • • 35.5%
P la s t ic  Limit • • • 22 . 8%
P la s t ic it y  Index • • • 12.7%
Shrinkage Limit • • • 22 . 0%
S p e c if ic  Gravity • • • 2.73
AASHO C la s s if ic a t io n • • A-6
U nified C la s s if ic a t io n • • CL
S o il Fraction Percentage
Coarse Sand: ( -  No. 10 to + No. 40) . • • 0 .0
Fine Sand : ( - N o .  40 to  + No. 200) . • • 6 .0
S i l t  : (0 .074 mm. to  0 .005 mm.) • • 66.0
(0 .05  mm. to  0 .005 mm.) . • • 53.0
Clay : ( -  0 .005 mm.) • • • 28.0
TABLE 2
ANALYSIS OF EXPANSIVE CEMENT
Aluminum Oxide (AI2O3) Max., % 10.00
F erric Oxide (Fe203) Max., % 5.00
Magnesium Oxide (MgO) Max., % 5.00
Sulfur T riox ide (S03) Max., % 12.00
Loss o f  Ig n ition Max., % 3.00
In solu b le  Residue Max., % 0.75
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CEMENT REQUIREMENTS OF AASHO SOIL GROUP
TABLE 3
AASHO
s o i l
group
Usual range 
in  cement 
requirement
percent percent 
by v o l. by w t.
Estimated cement 
content and that 
used in
m oistu re-den sity  
t e s t ,
percent by weight
Cement contents 
fo r  wet-dry and 
freeze-thaw  te s t s ,  
percent by weight
A -l-a 5- 7 3 - 5 5 3- 5 - 7
A -l-b 7- 9 5 - 8 6 001v£>1
A-2 7-10 5 - 9 7 5 - 7 - 9
A -3 8-12 7-11 9 7- 9-11
A-4 8-12 7-12 10 8- 10-12
A -5 8-12 8-13 10 8- 10-12
A- 6 10-14 9-15 12 10-12-14
A -7 10-14 10-16 13 11-13-15
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AVERAGE CEMENT REQUIREMENT OF B & C HORIZON 














lb . per 
110-114
cu. f t .  
115-119 120 or more
0 - 3 0-19 12 11 10 8 8 7 7
20-39 12 11 10 9 8 8 7
40-59 13 12 11 9 9 8 8
60 or 
more " *" “
4 - 7 0-19 13 12 11 9 8 7 7
20-39 13 12 11 10 9 8 8
40-59 14 13 12 10 9 9 8
60 or 
more
15 14 12 11 10 9 9
8-11 0-19 14 13 11 10 9 8 8
20-39 15 14 11 10 9 9 9
40-59 16 14 12 11 10 10 9
60 or 
more
17 15 13 11 10 10 10
12-15 0-19 15 14 13 12 11 9 9
20-39 16 15 13 12 11 10 10
40-59 17 16 14 12 12 11 10
60 or 
more
18 16 14 13 12 11 11
16-20 0-19 17 16 14 13 12 11 10
20-39 18 17 15 14 13 11 11
40-59 19 18 15 14 14 12 12
60 or 
more






RELATION OF SOIL-CEMENT WEIGHT LOSS TO CEMENT CONTENT 
PORTLAND CEMENT
TABLE 5
Specimen Moisture Content Dry Density Soil-Cement Wt. Loss
Designation (%) (p c f) (%)
PO-10 20.2 101.9 14.7
PO-12 19.6 101.8 15.6
PO-14 21.0 101.8 2 .6
PA-10 23.2 99.0 14.9
PA-12 22.8 101.1 7 .9
PA-14 23.3 99.1 3 .7
PB-10 17.0 99.5 13.8
PB-12 16.2 99.0 5 .5
PB-14 16.9 99.5 1.5
POW-IO 20.4 101.8 16.4
POW-12 19.9 101.7 19.7
POW-14 19.3 101.5 15.3
PAW-10 22.1 100.2 15.7
PAW-12 22.2 101.0 6 .3
PAW-14 22.6 99.6 5 .8
PBW-10 16.6 99.7 12.8
PBW-12 17.0 99.5 9 .2
PBW-14 16.6 99.4 3.1
P - Portland Cement
0 - Specimen molded at optimum moisture content
A - Specimen molded at 3% below optimum moisture content
B - Specimen molded at 3% above optimum moisture content
W -  Specimen was brushed 
10- Percentage o f  add itive  
12- Percentage o f  additive 
14- Percentage o f  add itive
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Soil-Cement Wt. Loss 
(%)
EO-10 19.7 102.0 12.8
EO-12 19.5 101.8 1A.0
E0-1A 19.7 102. A 10.2
EA-10 22. A 101.5 16.1
EA-12 22.5 101.0 13.1
EA-1A 22.3 101.2 5.3
EB-10 16.1 99.9 7.7
EB-12 16.2 98.7 A. 6
EB-1A 16.9 100.0 A .5
EOW-10 19.9 102.2 30.6
EOT-12 19.3 102.0 22.7
E0W-1A 19.7 102. A 13.9
EAW-10 22.5 101.6 25.6
EAW-12 22. A 100.8 16.5
EAW-1A 22.6 100.9 10.2
EBW-10 16.6 99.9 1 5 .A
EBW-12 16.1 100.0 10.6
EBW-14 16.7 99.0 6 .7
E -  Expansive Cement
0 -  Specimen molded at optimum moisture content
A -  Specimen molded at 3% below optimum moisture content
B -  Specimen molded at 3% above optimum moisture content
W -  Specimen was brushed
10 -  Percentage o f  add itive
12 -  Percentage o f  add itive
14 -  Percentage o f  add itive
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PERCENT CHANGE LN LENGTH AFTER SEVEN DAY CURING PERIOD
TABLE 7
I n i t ia l Final Change
Specimen Curing Length Length in Length
Designation Method ( i n . ) ( i n . ) (%)
PO-IO D 11.250 11.170 -0.071
PO-IO D 11.250 11.165 -0 .075
PO-12 D 11.250 11.170 -0.071
PO-12 D 11.250 11.180 -0 .062
PO-14 D 11.250 11.180 -0.062
PO-14 D 11.250 11.180 -0 .062
PO-IO H 11.250 11.215 -0.031
PO-IO H 11.250 11.220 -0 .026
PO-12 H 11.250 11.230 -0 .018
PO-12 H 11.250 11.225 - 0.022
PO-14 H 11.250 11.230 -0 .018
PO-14 H 11.250 11.225 - 0.022
PA-10 D 11.250 11.165 -0 .075
PA-10 D 11.250 11.170 -0.071
PA-12 D 11.250 11.165 -0 .075
PA-12 D 11.250 11.170 -0.071
PA-14 D 11.250 11.170 -0.071
PA-14 D 11.250 11.110 -0.071
PA-10 H 11.250 11.210 -0 .035
PA-10 H 11.250 11.215 -0.031
PA-12 H 11.250 11.215 -0 .031
PA-12 H 11.250 11.220 -0 .026
PA-14 H 11.250 11.230 -0 .01 8
PA-14 H 11.250 11.220 -0 .026
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I n i t ia l F inal Change
Specimen Curing Length Length in Length
Designation Method ( in . ) ( in . ) (%)
PB-10 D 11.250 11.160 -0 .080
PB-10 D 11.250 11.165 -0 .07 5
PB-12 D 11.250 11.165 -0 .075
PB-12 D 11.250 11.170 -0 .071
PB-14 D 11.250 11.180 -0 .063
PB-14 D 11.250 11.175 -0 .066
PB-10 H 11.250 11.250 0.000
PB-10 H 11.250 11.200 -0 .0 4 5
PB-12 H 11.250 11.230 -0 .0 1 8
PB-12 H 11.250 11.230 -0 .0 1 8
PB-14 H 11.250 11.250 0.000
PB-14 H 11.250 11.240 - 0.010
EB-10 D 11.250 11.230 -0 .0 1 8
EB-10 D 11.250 11.225 - 0.022
EB-12 D 11.250 11.230 -0 .0 1 8
EB-12 D 11.250 11.230 -0 .0 1 8
EB-14 D 11.250 11.250 0.000
EB-14 D 11.250 11.250 0.000
EB-10 H 11.250 11.250 0.000
EB-10 H 11.250 11.260 +0.010
EB-12 H 11.250 11.260 +0.010
EB-12 H 11.250 11.255 +0.004
EB-14 H 11.250 11.260 +0 .010
EB-14 H 11.250 11.265 +0.013





I n i t ia l
Length
( in . )
F inal 
Length 




E0-10 D 11.250 11.250 -0 .026
EO-IO D 11.250 11.220 -0 .026
EO-12 D 11.250 11.215 -0 .031
EO-12 D 11.250 11.230 -0 .01 8
EO-14 D 11.250 11.220 -0 .02 6
EO-14 D 11.250 11.230 -0 .01 8
E0-10 H 11.250 11.250 0.000
E0-10 H 11.250 11.240 - 0.010
EO-12 H 11.250 11.250 0.000
EO-12 H 11.250 11.245 -0 .005
EO-14 H 11.250 11.260 +0.010
EO-14 H 11.250 11.250 0.000
EA-10 D 11.250 11.240 - 0.010
EA-10 D 11.250 11.230 -0 .0 1 8
EA-12 D 11.250 11.235 -0 .013
EA-12 D 11.250 11.230 -0 .01 8
EA-14 D 11.250 11.235 -0 .013
EA-14 D 11.250 11.235 -0 .01 3
EA-10 H 11.250 11.250 0.000
EA-10 H 11.250 11.245 -0 .005
EA-12 H 11.250 11.255 +0.005
EA-12 H 11.250 11.260 +0.010
EA-14 H 11.250 11.260 +0.010
EA-14 H 11.250 11.260 +0.010
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COMPRESSIVE & FLEXURAL STRENGTH
TABLE 8

















POD-10 672 102 EOD-10 482 104
P0H-10 481 143 EOti-lO 457 135
POD-12 722 109 EOD-12 677 111
POD-12 570 159 F.OH-12 594 154
POD-14 810 122 EOD-14 736 124
POH-14 650 150 EOH-14 604 165
PAD-10 520 92 EAD-10 422 96
PAH-10 364 124 EAH-10 357 118
PAD-12 574 109 EAD-12 535 100
PAH-12 452 138 EAH-12 440 148
PAD-14 646 129 EAD-14 540 116
PAH-14 572 135 EAH-14 475 154
PBD-10 676 120 EBD-10 614 107
PBH-10 474 124 EBH-10 583 118
PBD-12 653 124 EBD—12 650 116
PBH-12 550 148 EBH-12 503 139
PBD-14 780 129 EBD-14 747 130
PBH-14 650 154 EBH-14 579 132




LIST OF RELATIVE MODULI OF ELASTICITY AT 10 CYCLES
Specimen R elative Modulus o f Specimen R elative Modulus o f
Designation E la s t ic ity  @ 
(%)
10 eye Designation E la s t ic ity  5 10 eye 
(%)
POD-IOR 9A.5 E0D-10R Broke
POD-10 93.3 EOD-IO 9 1 .A
POD-12R 100.0 EOD-12R 92.5
POD-12 102.1 EOD-12 105.0
POD-1AR 9 5 .A E0D-1AR 100.0
POD-1A 100.2 E0D-1A 95.0
POH-IOR Broke EOH-IOR 92.5
POH-IO 87.0 EOH-IO 92.8
POH-12R 86.5 EOH-12R 95.6
POH-12 88. A EOH-12 Broke
POH-1AR 100.9 EOH-1AR 9 6 .A
POH-1A 85.5 EOH-1A 10A.0
PAD-10R Broke EAD-10R 101.5
PAD-10 99.1 EAD-10 10A.0
PAD-12R 78.0 EAD-12R 9 3 .A
PAD-12 103.3 EAD-12 9A.6
PAD-1AR 73.5 EAD-1AR 95.8
PAD-1 A 7A.A EAD-1A 9A.2
PAH-1OR Broke EAH-10R 91.6
PAH-10 97. A EAH-10 88.5
PAH-12R 9A.A EAH-12R 9A.A
PAH-12 97.0 EAH-12 93.2
PAH-1AR 81.8 EAH-1AR 93.2
PAH-1A 103.1 EAH-1A 102.0
PBD-10R 100.0 EBD-10R 98.3
PBD-10 91.7 EBD-10 85.5
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T a b le  9 — C o n tin u e d
Specimen R elative Modulus o f 
Designation E la s t ic ity  @ 10 eye 











Specimen R elative  Modulus o f  
Designation E la s t ic ity  @ 10 eye 





























Dry Density vs. Moisture Content 
Portland Cement = 12%
F ig u r e  1



















Dry Density vs . Moisture Content 
Expansive Cement = 12%
F ig u r e  2
Moisture Content (%)The above v a lu e  i s  th e  a v e r a g e  o f  t h r e e  t r i a l s
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F ig u r e  4Cement C o n te n t v s .  W e ig h t L o ssA d d i t i v e :  E x p a n s iv e  Cement
F ig u r e  5
Percent A dditive vs. Compressive Strength 
A ir Dried
O— —------O Portland Cement















F ig u r e  6
Percent A dditive v s . Compressive Strength 
M oist Cured
0 °  Portland Cement
° ----------- O Expansive Cement
Per Cent A dditive














F ig u r e  7
Percent A dditive vs . F lexural Strength 
A ir Dried
°  0 1'ortluiul Cement
0— —  — — "O expansive Cement
I'er Cent Add 11 I ve
Mote: Specimens air-dried for seven days
F ig u r e  8
Percent A dditive v s . F lexural Strength 
Moist Cured
O------------ 0 Portland Cement















F ig u r e  9P e r c e n t  Chan ge in  L e n g th  v s .  P e r c e n t  A d d it iv e
Note: Above values are average o f two specimens
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Photograph 1
Brushing o f  beam mold with form o i l  to  f a c i l i t a t e  d isa s­
sembling a fte r  compaction.
Photograph 2





Final compaction by use o f h y d rau lica lly  operated te stin g  
machine.
Photograph 4
Disassembled mold immediately a fte r  compaction.
39
Photograph 5
Beam forms showing 3"x3"xV ' s t e e l  p la tes  used at the ends.
Photograph 6
3"x3"x l2 " concrete beam mold used fo r  restrainm ent, the 
s ides are clamped and end screw tightened by a wrench.
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Photograph 7
Restrainment o f the ends o f  the beans by means o f screws.
Photograph 8
Beams made w ith s o il-p o r t la n d  cement.
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Photograph 9
Condition o f  random so il-ex p a n s iv e  cement cy lin d ers  a fte r  
8 cycles  o f freeze-thaw .
Photograph 10
Condition o f  random s o il-p o r t la n d  cement cy lin d ers  a fte r  
12 cycles  o f  freeze-thaw .
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